Introduction
[2] The meridional overturning circulation refers to the flow of bottom and deep waters away from their high latitude sources and the compensating return flow of less dense water. The sources of deep and bottom water are limited to a few high latitude sites in the present-day ocean -namely the North Atlantic and a few sites near the Antarctic continental margin. High salinity North Atlantic Deep Water (NADW) flows southward into the Southern Ocean. In the Southern Ocean, NADW overlies Lower Circumpolar Deep Water (LCDW) and Antarctic Bottom Water (AABW), both of southern ocean origin. Diapycnal fluxes of mass, heat, salt and other properties, by upwelling across isopycnals somewhere in the world's oceans, are one component in the closure of the NADW, LCDW and AABW circulation. The diapycnal fluxes in the southern hemisphere oceans (Southern Ocean and subtropical South Atlantic, South Pacific and Indian Oceans) are therefore a key element of the global meridional overturning circulation.
[3] For dynamical clarity, and lacking observational evidence of where the required upwelling occurred, Stommel and Arons [1960] developed a theory of the deep ocean circulation based on the assumption of uniform upwelling throughout the world's oceans. Recently, observational estimates of mixing have questioned the validity of uniform upwelling. Limited direct observations of turbulent mixing in the ocean interior suggest that diapycnal mixing, and hence upwelling, is spatially nonuniform [Toole et al., 1994; . Microstructure observations have found weak mixing (k 10 À5 m 2 s
À1
) over abyssal plains and smooth topography, while enhanced mixing was found over rough mid-ocean ridges and isolated topography [Polzin et al., 1996; Toole et al., 1997; St. Laurent et al., 2001] . Extending the microstructure observations of enhanced mixing to the basin domain in which they were taken indicates that deep mixing plays an important role in the abyssal circulation St. Laurent et al., 2001; Morris et al., 2001] . These observations have renewed interest in the possibility that intense mixing at specific ocean sites dominates the net diapycnal mixing required to maintain the abyssal stratification and close the meridional overturning circulation.
[4] In this paper I estimate vertical mixing for the Southern Ocean and adjacent subtropical Oceans from the World Ocean Circulation Experiment (WOCE) Conductivity-Temperature -Depth (CTD) sections. The results show that mixing in these regions is spatially non-uniform and dominated by numerous mixing ''hotspots'' over complex topographic features.
Method
[5] To estimate diffusivity from the CTD profile data I apply the scaling formula for estimating the dissipation of turbulent kinetic energy () based on finescale strain (x) [Wijesekera et al., 1993] 
where N o (buoyancy frequency) is the reference N used by Garrett and Munk [1975] (hereinafter referred to as GM); 7 Â 10 À10 W kg À1 is the dissipation in the background GM wave field at N = N o (= 5.2 Â 10 À3 rad s
À1
) and 30°o f latitude; x GM 2 is the strain variance of the modified GM wave field [Cairns and Williams, 1976] ; and x z 2 is the strain variance of the internal wave field. Angle brackets denote an averaging process.
[6] The relationship between the dissipation rate of turbulent kinetic energy () and buoyancy flux is [Osborn, 1980] :
where the diffusivity is
The mixing efficiency, by physical arguments is G 0.2. Substitution of x into (3) gives an expression for k from strain variance:
where x z is defined as
ð Þ and strain variance of the GM wave field is given as
. l z is the minimum wavelength for which x was calculated and was determined from the spectral analysis of the vertical density profiles. (24)] shear formula. A similar approach to estimate k z from strain variance has been used by Mauritzen et al. [2002] and Kunze [2003] .
[7] As was done by Mauritzen et al. [2002] , x z is calculated from CTD profiles where it is assumed that (1) large vertical length scales in the density profiles represent the time mean (N 2 ). (2) Small vertical length scales do not contain any time mean signal and represent the internal wave field (N 2 ). CTD data above the permanent pycnocline and within 200 m of the bottom were removed from each profile. In this study N 2 is calculated over 500 m. The vertical length scale (DZ ¼ $ l z 2 ) for calculation of N 2 was determined by spectral analysis of the vertical density profiles of the Southern Ocean CTD data ( Figure 1 ). In the subtropical and subpolar regions the power spectra were nearly flat for wavelengths longer than l z = 60-80 m. A sharp change in slope of the power spectra was seen at smaller wavelengths due to the resolution of the data. Across all wavelengths the power spectra for stations adjacent to the Antarctic continent were dominated by noise. Therefore, these CTD profiles were excluded from this study because measurement noise in the CTD salinity sensor is thought to dominate the density variability in this weakly stratified environment. N 2 was calculated over DZ = 40 m. Vertical profiles of N 2 and N 2 over their respective vertical intervals are estimated as linear fits to the specific volume anomaly depth profiles using the adiabatic leveling method [Bray and Fofonoff, 1981] .
[8] In the development of (1)-(4) a number of assumptions have been made that may not be entirely appropriate for the Southern Ocean or the oceanic internal wave field. In the Scotia Sea [Naveira Garabato et al., 2004] a shear-tostrain ratio of 8 to 12 is found, while the application of (1) assumes a ratio of 3. Gargett [1990] points out that correction for unresolved variance may bias estimates of in high amplitude wave states. The combined errors from these assumptions may lead to errors in k z of a factor of 2 to 5. This study, considering the above errors and the use of CTD data, therefore, only provides order of magnitude estimates of mixing and compares the spatial pattern of mixing between sections to assess the likely variability of mixing in the ocean. The validity of the assumptions contained in (1) - (4) should be tested with fine and microstructure observations.
Results
[9] WOCE hydrographic stations were used to estimate vertical profiles of diffusivity in the subtropical South Atlantic, Indian and South Pacific Oceans, and the Southern Ocean (Figure 1) . In all sections, increased diffusivities 1 to 2 orders of magnitude larger than background values are found 500 to 1000 m above rough topography [Jayne and St. Laurent, 2001; Jayne et al., 2004] , including mid-ocean ridges and isolated topographic features (Figures 2 and 3) .
[10] Enhanced diffusivities are also found in individual basins of the trans-ocean sections, notably the Cape Basin (Atlantic Ocean), Perth Basin (Indian Ocean) and Southwest Pacific Basin immediately east of the Kermadec Ridge (Pacific Ocean) (Figure 2 ). Enhanced abyssal diffusivity in the Perth Basin is consistently found in CTD profiles in this basin (B. M. Sloyan (2005) , Antarctic Bottom and Lower Circumpolar Deep Water circulation in the eastern Indian Ocean, submitted to Journal of Geophysical Research, 2005, hereinafter referred to as Sloyan, submitted manuscript, 2005) . Sloyan (submitted manuscript, 2005) show that high abyssal diffusivity in the Perth Basin are found at the basin boundaries and over topographic features in the interior of the Basin. The bottom topography of the Southwest Pacific Basin is not smooth (Figure 2c) . As in the Perth Basin, the complex topography may result in the enhanced abyssal mixing in this Basin.
[11] In the Southern Ocean enhanced diffusivities are found over rough topography including mid-ocean ridges and isolated topographic features and in the ACC frontsAntarctic Polar Front (APF) and Subantarctic Front (SAF) -over complex topography along its circumpolar path (Figure 3) . The meridional sections in the Atlantic and Indian sectors of the Southern Ocean show enhanced mixing over topography -Scotia Arc between 55°and 60°S in the Atlantic sector and Southeast Indian Ridge between 44°and 46°S in the Indian sector. Enhanced mixing over the Southeast Indian Ridge is confined to within approximately 1000 m above the bottom, although a narrow band of enhanced diffusivity throughout much of Figure 1 . WOCE sections used to calculate order of magnitude estimates of mixing (solid grey and blue lines). The sections used in the vertical distribution of mixing at 30°S (Figure 2 ) and across the Antarctic Circumpolar Current (Figure 3) are shown in blue. The position of the Subantarctic (light blue solid line) and Antarctic Polar (green solid line) Fronts are also shown [Orsi et al. 1995] . the water column is seen on the southern flank of the Ridge.
[12] An enhancement of diffusivity throughout the entire water column is associated with each front in each Southern Ocean sector (Figure 3 ). In the Atlantic sector of the Southern Ocean, the enhanced diffusivity associated with the Scotia Arc and the APF are clearly separated by a region of lower diffusivity (O(10 À6 m 2 s À1 )) between 51°and 54°S. Unfortunately, incomplete CTD data near the SAF does not allow for an estimate of diffusivity associated with this front. In the Indian sector of the Southern Ocean the position of the SAF coincides with the southern flank of the Southeast Indian Ridge where there appears to be enhanced diffusivity well above the sea floor. Between the Southeast Indian Ridge and 51°S the diffusivity is generally of O(10 À5 m 2 s À1 ) or less. A marked increase in the diffusivity is found to be associated with the APF. Enhanced diffusivity is generally maintained south of the APF with another distinct water column diffusivity maximum near 55°S. East of the Kerguelen Plateau there is a confluence between the ACC and the eastward extension of the Kerguelen deep western boundary current (M. S. McCartney and K. A. Donohue, A deep cyclonic gyre in the Australian-Antarctic basin, submitted to Progress in Oceanography, 2005) . This confluence may result in the enhanced diffusivities found south of the APF east of the Kerguelen Plateau. Enhanced water column diffusivity is also associated with the ACC in the Pacific sector.
Discussion
[13] The spatial and vertical distribution of mixing at 30°S in the western Atlantic near the Mid-Atlantic Ridge (Figure 2a) is very similar to the mixing distribution obtained from microstructure measurements in the Brazil Basin Mauritzen et al., 2002] . As in the Brazil Basin mixing experiment, mixing estimates from strain variance show enhanced mixing on the western flank and over the Mid-Atlantic Ridge. Strain variance mixing estimates near the ridge of O(10 À3 m 2 s À1 ) are in agreement with the microstructure mixing values. In this study, enhanced bottom diffusivity is maintained away from the ridge, while in the Brazil Basin mixing experiment diffusivity values O(10 À5 m 2 s
À1
) were found away from the ridge. Note that the hydrographic section used in this study is south of the Brazil Basin mixing observations, and (Figure 3a) . KPKerguelen Plateau, and SEIR-Southeast Indian Ridge (Figure 3b) . CP-Campbell Plateau (Figure 3c) . [14] Good agreement is found for the estimated order of magnitude of mixing, and the horizontal and vertical distribution of mixing between LADCP/CTD data [Polzin and Firing, 1997; Naveira Garabato et al., 2004] . Similar differences in the vertical diffusivity profiles between 35°S and 55°S are found in the strain variance based mixing estimates (Figure 3b ). In the Scotia Sea, mixing estimates from strain variance ( Figure 3a) and LADCP/CTD techniques [Naveira Garabato et al., 2004] agree.
[15] Fine and microstructure observations provide direct observation of mixing in specific ocean regions [e.g., Toole et al., 1994; Toole et al., 1997] , while area-averaged (basin and/or ocean) diffusivity estimates from observational studies based on property conservation provide mixing estimates that do not resolve the spatial variability of mixing within the basins [e.g., Ferron et al., 1998; Sloyan and Rintoul, 2001; Morris et al., 2001] . Order of magnitude diffusivity estimates based on strain variance from CTD profiles are able to bridge the gap between the detailed fine and microstructure observations at specific ocean sites and area averaged estimates of mixing from basin property conservation. Although the detailed information provided by the fine and microscale observations cannot be obtained from the mixing estimates based on CTD data, the global coverage of this data enables assessment of the spatial variability of mixing. Maps of the spatial variability of turbulent mixing could be utilized in both numerical and box models, and indicate sites of future detailed microstructure observations.
[16] The diffusivity distribution in the southern hemisphere oceans is spatially and vertically non-uniform. The enhancement of mixing above rough topography along the zonal sections at 30°S, agrees with enhanced turbulent diffusivity from local dissipation of the internal tide [St. Laurent et al., 2002] . In addition, enhanced mixing between AABW and/or LCDW and overlying water masses north of the deep passages through which AABW/LCDW flow is noted.
[17] Across the ACC the vertical profile of diffusivity does not decay rapidly with height above bottom. Polzin [1999 Polzin [ , 2004 present a method for assessing the decay of internal lee waves and tides, respectively, from a source region. In the tidal case, the diffusivity scale height depends upon the barotropic tidal velocity, while for lee waves the diffusivity scale height depends upon the near bottom geostrophic velocity. Differences in the vertical extent of diffusivity profiles between the parameterization of the internal tide and topography, and estimates from strain variance imply that elevated vertical diffusivity profiles in the ACC are due to the bottom velocity differences of the ACC and tidal oscillation.
Conclusions
[18] Strain variance from CTD hydrographic sections in the southern hemisphere oceans suggest that deep ocean mixing is vertically and spatially non-uniform. In the Southern Ocean significant mixing throughout the water column is found where the ACC impinges on bottom topography. Detailed fine and microstructure observations in the ACC are needed to fully understand the implication of these high mixing regions on the momentum balance of the ACC, and the role of these Southern Ocean mixing ''hotspots'' on the size and structure of the global meridional overturning circulation.
